Objective-Although endothelial progenitor cells (EPCs) have been reported to promote neovessel formation during vascular injury, the function of supporting cells of EPCs and their interaction with EPCs during EPC isolation remain unclear. Approach and Results-We investigated the functional properties of 2 types of EPCs, also known as endothelial colonyforming cells (ECFCs), CD34
S
tem cells provide fresh cells to replenish blood, bone, epithelial, nervous system, muscle, and various tissues. Stem cells are regulated and maintained by local tissue microenvironments or niches. 1 Since the coining of the concept of the stem cell niche, 2, 3 it has been possible to identify stem cells and niches with increasing precision. 1 However, the importance of the stem cell niche has not been completely recognized because models of stem cell behavior are not well understood. 4 Thus, it is challenging to predict how self-renewal is influenced by external factors. 5 Asahara et al 6 revealed that CD34 + hematopoietic stem cells (HSCs) from peripheral blood mononuclear cells can differentiate into endothelial lineage cells, and many researchers have shown that these cells, endothelial progenitor cells (EPCs), play a pivotal role in neovascularization 7, 8 ; however, the identity of the EPCs is not clear. 9, 10 Differences in the true nature of EPCs and the mechanism of EPC function may be caused by differences in isolation methods. 11 Although studies on EPCs still require optimal isolation and culture conditions, as well as specific phenotypes and characteristics for EPC identification, multiple cultured or unselected subpopulations have been shown to improve neovascularization in animal models, indicating that unselected EPCs are excellent candidates for developing therapeutic approaches for vascular diseases.
12
CD34 is a 105-to 120-kDa cell-surface glycoprotein that functions as a cell-to-cell adhesion factor selectively expressed on stem, progenitor, and vascular endothelial cells (ECs) within hematopoietic systems. [13] [14] [15] [16] Generally, EPCs, also known as endothelial colony-forming cells (ECFCs), can be obtained by isolating CD34-expressing cells from mononuclear cells (MNCs) or by long-term culture of MNCs in EC-selective media. Both human CD34 + stem cell-derived ECFCs (referred to as stem-dECFCs in this study) and MNCderived ECFCs (referred to as hybrid-dECFCs in this study) contribute to vascular growth and have been assessed for the treatment of ischemic diseases in early phase clinical studies. 10 However, few studies have investigated how isolated human ECFCs affect postnatal vasculogenesis using stemdECFCs or hybrid-dECFCs. In particular, it is still unknown how human CD34 − cells influence EPC behavior. In view of the recent report that HSCs support the differentiation and proliferation of ECs and EPCs during embryonic vascular development and angiogenesis, 17 we hypothesized that human CD34 − cells function as niche-supporting cells that control the features of human ECFCs from human umbilical cord blood (HUCB) during ECFC culture in EC-selective media and that they might be linked to distinct characterization for neovascularization, according to types of human ECFCs.
In the present study, we addressed whether human CD34 − accessory cells (niche-supporting cells) can facilitate the cell survival, incorporation capacity, and endothelial differentiation of ECFCs. The results provide important insights in blood vessel formation and repair in ischemic diseases for ECFCbased cell therapy.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Influence of CD34 − Accessory Cells on the Endothelial Lineage Commitment of CD34 + Cells
To investigate the role of accessory cells on the endothelial lineage commitment of CD34 stem cells, we first performed an EPC colony-forming assay using human CD34 − cells, developed in our laboratory as described previously. 18, 19 The mixture ratio of hybrid CD34 + and CD34 − cells was 1.7% CD34 + and 98.3% CD34 − cells, which are approximately the ratio of CD34 + and CD34 − cells in MNCs isolated from HUCB. CD34 + cells and hybrid cells were differentiated into 2 EPC colony shapes, small EPC-CFUs and large EPC-CFUs. Small EPC-CFUs were composed of round adhesive cells, and large EPC-CFUs were composed of spindleshaped cells. In contrast, CD34 − cells could not be differentiated into these colony shapes ( Figure 1A and 1B) . Interestingly, coculture of CD34 + cells and CD34 − accessory cells resulted in significantly higher EPC colony-forming capacity of both small EPC-CFUs and large EPC-CFUs ( Figure 1C ). To determine whether the EC-lineage commitment of CD34 + cells is regulated by paracrine factors secreted by the accessory cells, we performed coculture analysis as follows: CD34 + cells were seeded in the lower compartment of transwells and CD34 − cells or isolated CD11b + macrophages from HUCB were either seeded or not seeded onto the transwell membrane insert for 72 hours ( Figure 1D) Figure 1E ). To determine the paracrine factors secreted by isolated CD11b + macrophage cells, we examined the expression and secretion of stromal cell-derived factor (SDF)-1α and vascular endothelial growth factor (VEGF) as pivotal regulators of EPC commitment by Western blotting and ELISA. As expected, macrophages markedly expressed and secreted SDF-1α and VEGF ( Figure 1F and Figure I in the online-only Data Supplement). EPC-CFA supplemented with either SDF-1α or VEGF showed that either SDF-1α or VEGF accelerated the sprouting of large EPC-CFUs, suggesting that 2 pivotal EPC committing factors are secreted by activated macrophages and modulate the differentiation of mature EPCs ( Figure 1G and Figure + cell population-derived ECFCs) to assess the function of these cells. To characterize both types of ECFCs, we performed morphological analysis, immunocytochemistry, and fluorescence-activated cell sorter analysis of endothelialspecific markers. As shown in Figure 2A , both types of ECFCs were elongated and had a spindle shape similar to outgrowth ECs, a type of late EPC reported by Ingram et al. 20 Next, we performed immunocytochemistry on 2 types of ECFCs to confirm whether they express endothelial lineage markers, such as CD31, KDR (VEGFR2), and von Willebrand factor, as well as pivotal functional markers, including endothelial nitric oxide synthase, p-endothelial nitric oxide synthase, and phosphor-protein kinase B. Immunocytochemistry showed that both types of ECFCs expressed endothelial lineage surface markers and pivotal markers of functional ECFCs ( Figure 2B ). Finally, we analyzed whether the 2 types of ECFCs express several ECFC surface markers, such as CD34, kinase insert domain receptor, C-X-C chemokine receptor 4, c-Kit, and CD144, and hematopoietic lineage markers, including CD11b, CD14, or CD45, by fluorescence-activated cell sorter analysis. These results showed that both types of ECFCs strongly expressed ECFC surface markers ( Figure 2C can differentiate into ECFCs by characterization of the morphology and specific markers of the ECFCs. We then compared the proliferation capacity and senescence of hybrid-dECFCs and stem-dECFCs. First, to assess the proliferation capacity of the 2 types of ECFCs, we compared the results of Western blotting to detect cell-cycle signaling molecules, including cyclin-dependent kinase-2, cyclin E, cyclin-dependent kinase-4, and cyclin D1, with those of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide assay. The expressions of cyclin-dependent kinase-2 and cyclin E in hybrid-dECFCs decreased after passage 20, whereas the expression in stem-dECFCs gradually decreased after passage 14 ( Figure 2D ). We attempted unsuccessfully to expand stem-dECFCs of passage 16 to the next passage. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide assay and bromodeoxyuridine − cell-derived macrophages. G, Effect of stromal cellderived factor (SDF)-1α and vascular endothelial growth factor (VEGF) on human EPC-CFUs. In response to stimulation with SDF-1α and VEGF, the frequency of large EPC-CFUs was significantly increased (*P<0.05 and **P<0.01 vs basal control cytokines: stem cell factor, VEGF, interleukin-3, basic fibroblast growth factor, epidermal growth factor, insulin-like growth factor-1). H, Expression of endothelial lineage markers for kinase insert domain receptor, C-X-C chemokine receptor 4, and Tie2 on transwell-cultured cells with or without CD34 (5-bromo-2′-deoxyuridine) cell proliferation assay were then used to assess the proliferation capacity of hybriddECFCs and stem-dECFCs. The proliferation capacity was significantly lower in stem-dECFCs compared with hybriddECFCs ( Figure 2E and Figure V in the online-only Data Supplement). These results showed that hybrid-dECFCs have higher proliferation capacity for a longer time during gradual cell passages compared with stem-dECFCs. To evaluate the senescence of the 2 types of ECFCs, we examined the SA-β-gal activity of the 2 types of ECFCs. Stem-dECFCs were more positive than hybrid-dECFCs for SA-β-gal staining when comparing different culture passages ( Figure 2F ). Moreover, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and stem-dEPC (passages 6-16) lysates containing equal amounts of total protein were analyzed by Western blotting using anti-cyclin-dependent kinase (Cdk)-2, anticyclin E, anti-Cdk4, and anticyclin D1 antibodies. E, Both types of ECFCs (passages 6-16) were treated with VEGF (100 ng/mL), and cell proliferation was examined via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide assay after 24 hours. F, Senescence-associated β-galactosidase (SA-β-gal) activity of the 2 types of ECFCs (passages 6-16). The green cells were counted as positive for senescence (magnification, ×40). G, Hybrid-dECFC (passages 6-20) and stem-dECFC (passages 6-16) lysates containing equal amounts of total protein were analyzed by Western blotting using senescence markers with anti-senescence marker protein (SMP)-30 and antip21 antibodies. Results are shown as the mean±SEM (*P<0.05 and **P<0.01 vs hybriddECFCs). DAPI indicates 4',6-diamidino-2-phenylindole; EBM, endothelial basal medium; and SMP, senescence marker protein.
Characterization of Hybrid-dECFCs and StemdECFCs From Human Umbilical Cord Blood
we investigated the expression levels of the senescence markers p21 and senescence marker protein-30 by Western blotting. p21 is a potent and tight-binding inhibitor of cyclin-dependent kinases, which cooperate with cyclins to phosphorylate key substrates involved in cell-cycle progression. Senescence marker protein-30 expression levels decrease with aging and senescence. In passage 14, p21 expression was highly elevated, and senescence marker protein-30 expression gradually decreased in stem-dECFCs compared with hybrid-dECFCs ( Figure 2G ). These results demonstrate that stem-dECFCs progressed to senescence faster than hybrid-dECFCs.
Evaluation of the Functional Recovery of the 2 Types of ECFCs After Murine Hind-Limb Ischemia
A murine hind-limb ischemia model was used to assess the postnatal neovascularization of the 2 types of ECFCs. After operative excision of the left femoral artery and its boundary vessels, hybrid-dECFCs, stem-dECFCs (passage 6), or PBS (sham) were locally injected into the ischemic thigh muscle. The blood flow to the limb injected with hybrid-dECFCs or stem-dECFCs was significantly augmented at postoperative days 7, 10, 14, 21, and 28, compared with that in the PBS-injected sham group. When comparing the blood flow between the 2 types of ECFCs using laser-doppler perfusion imaging ( Figure 3A) , the blood flow of hybrid-dECFCs was significantly increased compared with stem-dECFCs at postoperative days 7, 10, and 14. At postoperative days 21 and 28, however, the recovery of blood flow was improved in the hybrid-dECFC group compared with that in the stemdECFC group but not statistically significant ( Figure 3B ). The capillary density of the ischemic tissue was examined by immunohistochemistry analysis of the ischemic tissues with CD31 and α-SMA at postoperative day 28 ( Figure 3C through 3F). Immunohistochemistry of CD31 and α-SMA revealed a marked increase in vessel density by transplantation of hybriddECFCs or stem-dECFCs compared with the PBS-injected sham. The vessel density was significantly increased in the hybrid-dECFC group compared with the stem-dECFC group.
Endothelial Differentiation in Murine Hind-Limb Ischemia
To investigate the effect of the 2 types of ECFCs on endothelial differentiation in vivo, the ischemic injury sites were excised at postoperative day 28 for histological analysis of cell engraftment and differentiation. Transplanted EPCs, detected by the expression of a human nuclear antigen (HNA, red), were found in the vessel wall stained with CD31 (green; Figure 4A ). Histological analysis revealed that the differentiation was considerably more noticeable in stem-dECFCs than in hybrid-dECFCs. To confirm the difference of endothelial differentiation in vivo, the tube-forming ability was investigated by capillary network formation on Matrigel in vitro. The 2 types of ECFCs could successfully form capillaries on Matrigel ( Figure 4B ). The area of the tube-like structures of stem-dECFCs was greater than that of hybrid-dECFCs ( Figure 4B and 4C), although there were no differences between hybrid-dECFCs and stem-dECFCs in the number and length of the tube-like structures (data not shown). On the basis of the in vitro and in vivo data, the endothelial differentiation capacity of stem-dECFCs was more potently enhanced than the differentiation capacity of hybrid-dECFCs.
In Vivo Proliferation and Survival of the Transplanted EPCs
To evaluate the proliferation and survival of the 2 types of transplanted ECFCs (passage 6) in murine hind-limb ischemia, the ischemic injury sites were excised at postoperative day 3 for histological analysis of cell proliferation and survival. Initially, we determined the proliferation of cells in the ischemic injury sites by immunohistochemistry of tissue sections using antiproliferating cell nuclear antigen antibodies ( Figure 5A ). Immunohistochemistry analysis indicated that the hybrid-dECFCs group had a greater number of proliferative cells in ischemic tissue than any other group (ie, normal, sham, and stem-dECFCs; Figure 5B ). We then performed immunohistochemistry for HNA and Ki-67 to determine whether the 2 types of transplanted ECFCs could proliferate in ischemic tissues. Proliferation of the ECFCs was confirmed by the presence of HNA-and Ki-67-positive cells ( Figure 5C ). Proliferative cells in ischemic tissues (ie, HNA and Ki-67 double-positive cells) were significantly more abundant in hybrid-dECFCs than in stem-dECFCs ( Figure 5E ). Next, we investigated whether the 2 types of transplanted ECFCs could survive in ischemic tissues. Potential for survival was confirmed by the presence of HNA-positive and caspase-3-negative cells ( Figure 5D ). Apoptotic cells in ischemic tissues (ie, HNA and caspase-3 double-positive cells) were significantly higher in stem-dECFCs than in hybrid-dECFCs ( Figure 5F ). These results indicated that the proliferation and survival capacity at the ischemic injury sites were substantially higher in hybrid-dECFCs than in stem-dECFCs.
Secretion of Angiogenic Growth Factors by the 2 Types of ECFCs in Murine Hind-Limb Ischemia
As described above, the 2 types of transplanted ECFCs enhanced angiogenesis and arteriogenesis in ischemic injury tissues. To address the angiogenic effects of the 2 types of ECFCs, we examined the secretion of angiogenic factors by the 2 types of ECFCs (passage 6) transplanted in the murine hind-limb ischemia model. Immunohistochemistry for angiogenic cytokines, such as fibroblast growth factor-2, hepatocyte growth factor, SDF-1α, VEGF, and interleukin-8, showed significantly increased expression of these factors in hybrid-dECFCs compared with other groups (normal, sham, and stem-dECFCs; Figure 5G through 5K). Moreover, Western blotting of ischemic tissue lysates proved that transplanted hybrid-dECFCs induced significantly more secretion of angiogenic cytokines at ischemic sites than did any other group ( Figure 5L ).
Involvement of Focal Adhesion Kinase and Src in the Migration of the 2 Types of ECFCs
After investigating the characteristics and functional differences of hybrid-dECFCs and stem-dECFCs in vitro and in vivo, we confirmed the differences in functional recovery of Figure 6B ). To investigate the cellular location of p-FAK and p-c-Src in the 2 types of ECFCs, immunocytochemical staining for p-FAK and p-c-Src was performed. The majority of the p-FAK and p-c-Src proteins in hybrid-dECFCs seemed to be localized to and extending from the cell membrane region, whereas p-FAK and p-c-Src in stem-dECFCs seemed to diffuse in the cytosol ( Figure 6C ). Next, we performed a by guest on April 13, 2017 http://atvb.ahajournals.org/ Downloaded from migration assay to examine whether c-Src is involved in cell migration. We wounded confluent monolayers of the 2 types of ECFCs pretreated or not pretreated with PP2, a selective inhibitor of Src tyrosine kinases, and measured cell migration to the cell-free area. Hybrid-dECFCs showed significantly increased cell migration compared with stem-dECFCs. As expected, PP2 treatment failed to induce cell migration in both types of ECFCs ( Figure 6D and 6E) .
Incorporation of the 2 Types of ECFCs in Murine Hind-Limb Ischemia
We next examined the contribution of the 2 types of transplanted EPCs in murine hind-limb ischemia to assess the incorporation potential of ECFCs in murine hind-limb ischemia and whether Src signaling in ECFCs is involved in incorporation into injured vessels. Tissue sections harvested at day 3 after operation from ischemic hind limbs intravenously injected with the 2 types of ECFCs pretreated or not pretreated with PP2 (1×10 6 cells/mouse) were immunostained for HNA (red) and CD31 (green). The 2 types of ECFCs stained with HNA (red) were found in capillaries stained with CD31 (green; Figure 6F ), whereas the 2 types of ECFCs pretreated with PP2 showed decreased incorporation ( Figure 6F and 6G). When the number of cells incorporated into capillaries was measured, hybrid-dECFCs showed significantly augmented incorporation compared with stem-dECFCs ( Figure 6G ). Immunohistochemistry revealed that hybriddECFCs also contributed more to incorporation into vessels than did stem-dECFCs, whereas PP2-pretreated ECFCs were rarely observed in the vessels ( Figure 6H ). These findings indicate that hybrid-dECFCs might contribute to incorporation into capillaries and vessels by Src signaling linked to cell motility and migration.
Discussion
Because of the capacity of EPCs for proliferation, circulation, and the development of functional progeny, these cells have enormous therapeutic potential for vessel repair and neovascularization in ischemic diseases. However, the identification, characterization, and function of EPCs in vascular biology are still subjects of debate. 21 It is unknown whether cultured cells are representative of cells that exist in the bloodstream or whether cultured cells represent an artificial phenotype generated by specific culture conditions. 11 Although the EPC identity is elusive, a detailed functional characterization of EPCs using preclinical models seems to be more relevant than their antigenic phenotype. 11 Accumulating data have demonstrated that human CD34 + cells are useful for the treatment of vascular ischemic disease. [22] [23] [24] Conflicting results have been reported regarding whether human CD34 + cells or CD34 − cells constitute the major cell population. [25] [26] [27] [28] Because the isolation of EPCs (according to the presence or absence of CD34) has been controversial, we hypothesized that there might be other characteristics that distinguish the 2 types of late EPCs, also known as ECFCs, according to the presence or absence of CD34.
The EPC colony-forming assay, a novel method to assess the colony-forming potential of EPCs at different differentiation levels, was recently established and allows us to investigate the EPC commitment of CD34 + ECFCs via clonal analysis, according to culture methods and analysis system. However, there is no study of the direct comparison of cellular characterization and functionality for distinct ECFCs, 20, 32 which were also referred to as late EPCs 29 or outgrowth ECs. 33 On the basis of these findings, we investigated whether CD34 − cells play a pivotal role in the commitment of ECFCs and their characteristics during long-term culture to isolate ECFCs. Hybrid-dECFCs and stem-dECFCs were characterized by morphological and endothelial-specific marker analysis. The morphology and endothelial-specific markers of both types of ECFCs were similar, indicating that CD34 − cells did not critically alter morphology and endothelial-specific markers during the isolation of ECFCs. To confirm the functional differences between the 2 types of ECFCs, we assessed proliferation capacity, expression of cell-cycle signaling molecules, and senescence and found that hybrid-dECFCs had a higher proliferation capacity and slower senescence progression than did stem-dECFCs. These results indicated that CD34 − cells, which functioned as niche-supporting cells during the isolation of ECFCs, in hybrid-dECFCs enhanced the proliferation capacity and delayed senescence of EPCs in vitro, suggesting a pivotal role of human CD34 − accessory cells in EPC proliferation and senescence. Next, we evaluated the in vivo recovery after transplantation of the 2 types of ECFCs in hind-limb ischemia. The recovery of blood perfusion was significantly augmented in hybrid-dECFCs compared with stem-dECFCs during the early phase of ischemia (postoperative days [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Hybrid-dECFCs also showed a higher capillary density than stem-dECFCs. On the basis of the proliferation, survival, and secretion of angiogenic cytokines (eg, fibroblast growth factor-2, hepatocyte growth factor, SDF-1α, VEGF, and interleukin-8) characteristics that define ECFCs, hybrid-dECFCs showed better functionality than stem-dECFCs.
Interestingly, we found that the endothelial differentiation potential was greater in stem-dECFCs than in hybrid-dECFCs. One possible explanation is the existence of the niche-supporting cell effect on the maintenance of niche environments during the ex vivo culture of hybrid-dECFCs. Stem-dECFCs did not retain niche-supporting cells during the culture period for isolation of ECFCs, and therefore could not maintain the niche condition of the progenitor cells. Accumulating evidence supports these findings: coculture of HUCB cells with human EC as niche-supporting cells allowed remarkable expansion of cells capable of multilineage engraftment and serial transplantation; hallmarks of long-term repopulating HSCs. 34 ECs and leptin-expressing perivascular stromal cells, 2 functionally important components of the niche, contribute to HSC maintenance. 35 If stem/progenitor cells lose the support and regulation provided by the niche, and receive only the specific growth factors provided in the culture media, they rely on exogenous direction and potentially drive differentiation at the expense of self-renewal. 36 Stem-dECFCs might progress to endothelial differentiation more than hybriddECFCs during ex vivo culture conditions and may not be able to maintain the status of endothelial progenitors. Another possible explanation is the existence of the niche-supporting cell effect on angiogenic cytokines during the ex vivo culture of hybrid-dECFCs. When stem-dECFCs were transplanted in murine hind-limb ischemia, the recovery of blood perfusion was not as dramatically increased as in hybrid-dECFCs during the early phase of ischemia, although they showed similar improvement at the late phase as did hybrid-dECFCs. To validate whether the delay of recovery is attributable to the secretion of angiogenic cytokines, conditioned media isolated from 2 types of ECFCs after hypoxia condition were injected in the murine hind-limb ischemia model. The recovery of blood perfusion was significantly decreased in stem-dECFC conditioned media-injected group during the early phase and even in the late phase of ischemia. Moreover, foot necrosis occurred in the stem-dECFC conditioned media-injected group ( Figure  VI in the online-only Data Supplement). These data suggest that that the secretion ability of angiogenic cytokines in stemdECFCs is low, and that stem-dECFCs might possess a predominantly physical contribution to angiogenesis. As a result of the increased progression of endothelial differentiation in stem-dECFCs, stem-dECFCs showed improved tubular forming capabilities in vitro and endothelial differentiation in vivo in hind-limb ischemia.
EC adhesion and mobility are essential for the formation of new blood vessels, processes in which FAK and Src play important roles. 37 The FAK-Src complex binds to and phosphorylates several adaptor proteins. The activated FAK-Src complex promotes cell-cycle progression, cell motility, cell survival, 37 and angiogenesis. 38 Thus, we focused on FAKSrc signaling in the 2 types of ECFCs to elucidate functional differences in migration and angiogenesis. The expression levels of p-FAK and c-Src were significantly increased in hybrid-dECFCs compared with stem-dECFCs. In addition, hybrid-dECFCs showed strikingly enhanced cell migration in vitro and incorporation capacity in vivo compared with stemdECFCs. After treatment with the Src inhibitor PP2, both cell migration and incorporation capacity were drastically inhibited in 2 types of ECFCs, indicating that FAK-Src signaling is involved in the migration and incorporation of 2 types of ECFCs. These results suggest that hybrid-dECFCs are different from stem-dECFCs in terms of FAK and Src phosphorylation, indicating that niche-supporting cells may activate the phosphorylation of the FAK-Src complex during the isolation of hybrid-dECFCs.
On the basis of these findings, we propose that CD34 − accessory cells are important niche-supporting cells for proper hEPC function. Niche-supporting cells provide a protecting environment that isolates stem cells from stimuli, such as differentiation and apoptotic signals. 39 Recently, several studies have highlighted the potential of nichesupporting cells. [40] [41] [42] CD3 + /CD31 + T-cells are required for EPC colony formation during early EPC differentiation. 40 Spheroid culture of blood MNCs potentiates the expansion of circulating blood HSCs. 41 Mesenchymal stem cells support the maintenance of cord blood HSC during long-term ex vivo culture. 42 In the present study, we found that CD34 − cells, particularly macrophages that secrete either VEGF or SDF-1α on activation, might regulate mature EPC differentiation, demonstrated by a novel EPC-CFU assay, suggesting that crosstalk between incorporated EPCs and recruited macrophages plays a critical role in EPC functionality in vitro. In addition, our studies on 2 types of ECFCs demonstrated that hybrid-dECFCs might be responsible for paracrine effects, whereas stem-dECFCs might have a physical contribution to neovascularization in vivo. Although stem cell active factors, including bone morphogenetic protein 2, bone morphogenetic protein 4, transforming growth factor-β, brain-derived nerve growth factor, jagged 1 and jagged 2, and angiogenic factors, such as placental growth factor, angiopoietin 2, VEGFA, fibroblast growth factor-2, and platelet-derived growth factor are known, 43 the precise definition of a set of growth factors and cytokines and the cell-cell interaction mechanism between stem/progenitor cells and niche-supporting cells that can expand and maintain stem/progenitor cells during long-term ex vivo culture remains to be determined.
On the basis of our findings, we propose a scheme for the role of niche-supporting cells for the functionality of ECFCs (Figure 7 ). Hybrid-dECFCs isolated from HUCB consist of CD34 + cells and CD34 − cells ( Figure 7A ). During culture for isolation of ECFCs, the CD34 − cells support differentiation, delay senescence, and contribute to the functional improvement of ECFCs through the formation of cell-cell interactions or the production of paracrine factors. In contrast, stem-dECFCs are cells sorted from HUCB, based on the expression of CD34 + ( Figure 7B ). Stem-dECFCs showed faster endothelial differentiation and lower functionality of ECFCs than hybrid-dECFCs. CD34
+ cells seemed more activated for differentiation into ECs because CD34 − cells were absent. Several clinical studies have reported that intramuscular implantation of bone marrow-mononuclear cell in critical limb ischemia in human induced active neoangiogenesis and histological changes, but transplanted bone marrow-mononuclear cell did not exist in patients presenting with critical limb ischemia and may not prevent amputation in some patients with critical limb ischemia. 44, 45 Here, we show a pivotal cue of cell-based therapy. Human ECFCs modulated by CD34-cells as niche-supporting cells during ex vivo culture have greater proliferation capacity and possess the hallmark of EC progenitors compared with bone marrow-mononuclear cells, suggesting that an adequate supply of ECFCs can be provided to patients with ischemic diseases and that this might improve the results of clinical cell-based therapy.
In conclusion, we suggest that niche-supporting CD34 − cells facilitate cell survival, angiogenic cytokine secretion, and incorporation capacity, and preserve the progenitor status of ECFCs. In particular, niche-supporting cells affect the 
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Supplemental Meterials and Methods
Enzyme-linked immunosorbent assay (ELISA)
The concentration af SDF-1α and VEGF was assessed in TNFα-activated macrophage culture supernatants. SDF-1α and VEGF levels were determined by Quantikine ELISA Human SDF-1α Immunoassay and Quantikine ELISA Human VEGF Immunoassay (R&D Systems, Minneapolis, MN, USA) following the manufacturer's instructions.
Immunodepletion of SDF-1α and VEGF from TNF-α activated macrophage conditioned media For immunoprecipitation of SDF-1α and VEGF from TNFα activated macrophage conditioned media (TNFα-CM), TNFα-CM was incubated with protein A/G-Agarose (Santa Cruz Biotechnology, Santa Cruz, CA, USA) immobilized with anti-SDF-1α (Santa Cruz Biotechnology), anti-VEGF (Santa Cruz Biotechnology) or control mouse antibodies for 1 h at 4°C. Immune complexes absorbed to protein A/G-Agarose beads were precipitated by centrifugation. Supernatants were collected and immediately used for experiments.
ECFC conditioned media generated under hypoxia injection in a hind-limb ischemia murine model For hypoxic conditions, 2 types of ECFCs (passage 6) under serum free condition were incubated in a hypoxia chamber maintain low oxygen tension (2% O 2 , 5% Co 2 , and balanced with N 2 ) for 24 h. After the incubation under hypoxic condition, ECFC conditioned media (CM) were collected and used experiments. All procedures were performed in accordance with the policies of the Pusan National University of Korea institutional animal care and use committees. The hind-limb ischemia murine model was induced by ligating the proximal femoral artery and boundary vessels of 8-week-old Balb/C nude mice. No later than 6 h after operation, 2 types of ECFC CM or normal media (sham) were injected via intramuscular injection in the ischemic thigh area to assess the blood perfusion. 2 types of ECFC CM and normal media were injected daily for 7day and the every 3 days until postoperative 28 day. 
Supplemental Figure legends
